Co-Fe-B films were prepared by electroless plating. As-deposited films were thermomagnetically treated in the applied magnetic field of 500 Oe with different field directions at 300
Introduction
Soft magnetic films have been widely used in magnetic heads, magnetic sensors, and planar inductors at high-frequency range. To play decisive roles in these devices, the magnetic materials must simultaneously possess higher saturation magnetization, lower coercivity, larger magnetic anisotropy, and higher resistivity. Amorphous Co-Fe-B thin films have been found to be good candidates for high-frequency applications, such as magnetic tunnel junction, HDD read-heads, and GHz magnetic film inductors [1] [2] [3] . Varieties of techniques have been used to prepare amorphous Co-Fe-B thin films, such as magnetron sputtering [4, 5] , electroless deposition [6] , and so forth. The electroless deposition method provides an alternative and promising fabrication process with advantages of low-cost, low-energy consumption and adaptation of complicated shapes.
Magnetic field annealing is an efficient way to induce different kinds of anisotropies in some crystalline magnetic materials [7] [8] [9] [10] , which closely correspond to magnetic performance. It has been reported that the magnetic field annealing can affect the microstructure, domain structure, and magnetic properties of amorphous materials [8, 11] . The previous researchers [12, 13] have indicated that the nanomagnetic phase or cluster can be formed during annealing treatment even when the annealing temperature is below crystallization temperature. In this case, one can expect that the direction of magnetic field may affect the structure and properties of the amorphous films during thermomagnetic treatment. However, there are few reports on the influence of thermomagnetic treatment, especially under small magnetic field with different directions, on the magnetic properties of Co-Fe-B amorphous films.
In this paper, we prepared Co-Fe-B thin films which were annealed in small magnetic field (500 Oe) with respect to the film normal at different angles (α = 0 ∼ 90
• ) subsequently. The mechanism of structural relaxation in Co-Fe-B amorphous films induced by thermomagnetic treatment was discussed.
Material and Methods
Co-Fe-B films were prepared by electroless plating on microscope glass slides (25 mm × 16 mm) with predeposited 5 nm thick Ni film as an active layer. The electroless plating solution utilized in this study was the mixture of cobalt sulfate heptahydrate (0.029 M), iron sulfate heptahydrate (0.009 M) as metal sources, sodium borohydride (0.13 M) as reducing agent and boron source, sodium tartrate (0.239 M) as complexing agent, ammonium sulfate (0.189 M), and sodium tetraborate (0.01 M) as additive. During the plating, the solution temperature was maintained at 30 ± 1
• C using CoFe (110) Intensity (a.u.) Figure 1 : GIXRD spectra of the Co-Fe-B thin films thermomagnetically treated with different α angles.
a constant temperature bath and the pH was maintained constant (12.7 ± 0.1) without agitation. After 30 min deposition, the sample was removed from the plating solution, then rinsed with distilled water several times and dried with blowing air. The as-deposited film was cut into four pieces (12.5 mm × 8 mm) in preparation for the following treatment. Structures and magnetic properties of Co-Fe-B films of varied thickness and composition were studied. Therefore, we focus on the impact of thermomagnetic treatment at different angles on the magnetic properties of Co-Fe-B films with the optimize composition [6] and determined thickness (200 nm). As-deposited films were then annealed in an applied magnetic field of 500 Oe, oriented differently with respect to the film normal direction at 300
• C for 1 hour. In order to avoid oxidation during the heat treatment, the films were treated in pure argon gas. The longitudinal direction of all films was kept perpendicular to the field, while the film's normal direction varied from parallel to perpendicular to the field direction during the annealing process. We defined α (0∼90
• ) as the annealing angle between the film normal direction and the magnetic field direction (corresponds to the films a-d).
Grazing incidence X-ray diffraction (GIXRD) was carried out with the incident angle of 5
• on a Philips X'Pert diffractometer with Cu Kα radiation generated at 40 kV and 40 mA. Scanning electronic microscopy (SEM) was performed to determine the surface morphology and to estimate the film thickness from cross-sectional views. Vibrating sample magnetometer (VSM) was used to characterize the magnetic properties of the annealed Co-Fe-B films.
Results and Discussion
As shown in Figure 1 , amorphous phase is the main component of all the films after being annealed at different magnetic field directions. When the film normal direction and the magnetic field direction approach to be parallel, that is, α 30
• , a weak peak can be found around 44.8
• , which is Figure 2 shows the SEM photographs of the Co-Fe-B thin films after thermomagnetic treatment at different angles. It is clear that some tiny particles can be found in all films. The variety of the films' surface morphology after magnetic heat treatment results from local structure relaxation. Under the condition of magnetic field, the short-range order of the amorphous film is enhanced, and the free volume density of the film decreases, resulting in the fluctuation of the surface morphology of the films. For the amorphous films annealed at different magnetic field direction, the conditions of shortrange order and bond structure are different, leading to the differences on the surface morphology of the films treated at different magnetic field directions. Energy dispersion X-ray (EDX) analysis shows that the atomic ratio of Co and Fe is 2 : 1.
The in-plane magnetic hysteresis curves of the Co-Fe-B thin films thermomagnetically treated with different α angle are shown in Figure 3 . When α 30
• , the films display • , respectively. As the annealing angle increased above 30
• , they all descended. Especially, the film annealed at 60
• exhibits lower coercivity and higher saturation magnetization. As illustrated in Figure 4 , the out-of-plane hysteresis loops of the Co-Fe-B thin films thermomagnetically treated with different α angles are very different from those of inplane ones. They also exhibit wasp-waisted shape within the small range of applied magnetic field (±500 Oe). With the annealing angle increases from 0
• to 90 • , the wasp-waisted shape becomes more and more obvious.
Thermal annealing of amorphous materials at the temperature well below the crystallization temperature will lead to the change of structure towards a more relaxed state [14] . In the process of structural relaxation, applied magnetic field can affect the anisotropy of the relaxed regions with high magnetization [15] . The easy direction of Fe-Co rich region tends to be parallel to the applied magnetic field to reduce the energy. However, the effective magnetic field in the film is affected by the demagnetization effect in the case of thin film state [16] .
In the case of thin films, when α angle is small (i.e., α 30
• ) for the thermomagnetic treatment, the in-plane applied magnetic field is small, and out-of-plane magnetic field is small as well because of the demagnetization effect. This leads to weak anisotropy in the relaxed regions. However, the effect of in-plane demagnetization field can be neglected when the applied magnetic field is in-plane during thermomagnetic treatment. The in-plane magnetic field applied in the thermomagnetic treatment increases with α angle increasing. The optimum soft magnetic properties obtained in the film thermomagnetically treated with the incline angle of 60
• is the result of the competition between the demagnetization effect and the driving force of annealing magnetic field.
On the basis of the above analysis, it can be concluded that the large magnetic anisotropy induced by thermomagnetic treatment is mainly in-plane when α angle is larger. However, the out-of plane magnetic anisotropy may be weak at small α angle due to the demagnetization effect. When the hysteresis loops were measured in the in-plane direction, the loops are normal ones with square-like shape. Because large Journal of Nanomaterials 5 anisotropy is mainly parallel to the measurement direction. The weak wasp-waisted shape in-plane hysteresis loop at low value of α angle may be caused by the weak anisotropy in the out-of-plane direction [17] . When the hysteresis loops are measured in the out-of-plane direction, the loops for the film thermomagnetically treated with high α angle exhibits more obvious wasp-waisted shape, because of the large magnetic anisotropy in the in-plane direction. The anisotropy constant of Co-Fe-B with an extremely high Curie temperature (about 1300 K [18] ) is big. Therefore, it is hard to form a perpendicular magnetic anisotropy and to get the out-of-plane magnetization saturated (Figures 4(a)-4(d) ). The shape of hysteresis loop merely varied under small magnetic field.
Conclusions
Co-Fe-B thin films were prepared by electroless deposition successfully. The deposits were annealed in an applied magnetic field of 500 Oe being oriented differently with respect to the direction of film normal at 300
• C for 1 hour. It is found weak crystallized CoFe phase exist in annealed films. The surface morphologies of annealed films depended strongly on annealing angle.
It is found that magnetic field annealing is an efficient way to obtain different anisotropy in amorphous Co-Fe-B films. In the occasion of small magnetic field annealing, it is found that the optimum soft magnetic properties were not obtained when annealing field was completely parallel to the film plane, but with a little incline (α = 60
• ).
